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Abstract: In this paper, a simple confocal laser scanning microscopic 
(CLSM) image mapping technique based on the finite-difference time 
domain (FDTD) calculation has been proposed and evaluated for 
characterization of a subwavelength-scale three-dimensional (3D) void 
structure fabricated inside polymer matrix. The FDTD simulation method 
adopts a focused Gaussian beam incident wave, Berenger’s perfectly 
matched layer absorbing boundary condition, and the angular spectrum 
analysis method. Through the well matched simulation and experimental 
results of the xz-scanned 3D void structure, we first characterize the exact 
position and the topological shape factor of the subwavelength-scale void 
structure, which was fabricated by a tightly focused ultrashort pulse laser. 
The proposed CLSM image mapping technique based on the FDTD can be 
widely applied from the 3D near-field microscopic imaging, optical trapping, 
and evanescent wave phenomenon to the state-of-the-art bio- and nano-
photonics area. 
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1. Introduction 

Ultrashort pulsed lasers have opened up a new possibility for laser nanofabrication in three-
dimensions (3D) that would impact hugely on applications such as high-density 3D optical 
data storage, micro-fluidic devices and laser nanosurgery of cells and tissues [1-11]. The 
physical processes of the pulsed laser nanofabrication are rich in nature and often not limited 
to a single process, but in the fabrication in a dielectric transparent material it involves melting, 
evaporation, ionizations and/or optical dielectric breakdown, which cause a refractive index 
change, void formation, explosion and multiples of those effects.  

In particular, void formation has been under intense investigation for its importance in 
optical device applications, and recent efforts to reduce the void size has pushed its limit from 
the micron-size regime to the sub-micron or nano-size regime (i.e., nanovoids) [11]. As the 
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size regime gets smaller, the characterization of the voids becomes more and more challenge. 
Currently, there are two major techniques used for the void characterization, scanning electron 
microscopy (SEM) and confocal laser scanning microscopy (CLSM) [12-14]. While SEM can 
provide much better spatial resolution, it requires a complicated sample preparation such as 
milling and cutting to reveal the voids inside the sample. The CLSM, on the other hand, 
provides fast and easy three-dimensional optical sectioning of the voids without much effort 
in sample preparation. However, because the size regime of the nanovoids are in the same 
order as the laser focal spot, the observed images are complicated convolution of the laser 
focal spot point spread function and the void structure, which often leaves arguable 
interpretations. 

In order to extract information about the void shape and size, a detailed analysis of the 
observed image is required. Until now, only rough estimates of void size and shape are 
extracted, and no detailed analysis has been conducted. In this paper, we numerically simulate 
the image formation of the nanovoids (size regime 100 ~ 500 nm) in a 2D CLSM 
configuration, and provide an insight into the interpretation and correlation of the image to the 
actual void size and shape.  

In order to simulate the beam focusing, propagation and detection, we employed the finite 
difference time domain (FDTD) technique [15]. The FDTD method has been widely used for 
analyzing the EM phenomena in all the ranges from microwave to x-ray optics, including 
near-field optics [16, 17], photonic crystal [18], lasing [19], optical tweezer [20], scattering 
from cells [21], optical storage [22], and diffractive optics [23]. While there are several other 
numerical methods for electromagnetic (EM) fields in an arbitrary geometry [24, 25], the 
FDTD method could provide an exact time-domain vectorial solution to the Maxwell’s 
equations. Here, we provide a method to apply the FDTD technique to the transmission- and 
reflection-type confocal detection geometry with a pinhole.  

The paper is outlined as follows. In Section 2, the FDTD simulation methods for CLSM 
image formation of a nanovoid shall be given. From Sections 3 to 5, we shall present the 
CLSM images with variation in detection numerical aperture (NA), size, shape and index 
change. In Section 6, an experimental validation of the simulation will be presented, followed 
by a conclusion in Section 7. 

2. FDTD calculation for confocal laser scanned microscopic image formation  

The FDTD method, as one of the most powerful computational methods in EM problems, has 
been widely used to model the wave propagation, scattering, and radiation since it was first 
introduced by Yee [26] in 1966. The EM problems can be solved by the following Maxwell’s 
differential equations for a discretized arbitrary 3D geometrical space.  
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where μ is the magnetic permeability, σ is the electric conductivity, ε is the dielectric 
permittivity, Δt is the temporal step size, and Δu is the spatial step size. Figure 1 shows the 
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schematic diagram for a CLSM system and our simplified FDTD calculation structure. As 
shown in Fig. 1, we analyze two different modes, transmission and reflection-type CLSM.  
 

 

  
(a) (b) 

Fig. 1. Schematic diagram of a general CLSM system (a) and 2D FDTD calculation structure (b).  
 

Due to a limitation in computation power available, a 3D nanovoid structure is estimated 
with a 2D structure. While it is true that the linear polarization in 3D case is more complicated 
than mere TE and TM modes in the 2D case, it nevertheless can provide us with a qualitative 
image forming behavior in a confocal geometry. The rotational symmetry of the void and 
focal spot also helps the reduction in dimensions.     

The calculation space is divided into small units called Yee cells. Complex dielectric 
constants are assigned to each cell for given materials. The FDTD method calculates the EM 
fields in each cell by integrating the Maxwell’s equations in a "leap-frog" procedure until the 
steady state is reached. In the case of a sinusoidal plane wave excitation source, the steady 
state is reached when all scattered fields vary sinusoidally in time. In our case, the tightly 
focused laser excitation source is applied by a Gaussian beam with a ramped delay as given in 
the following Eq. (3), 
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where f is the focal length and Dx is the aperture diameter of the objective lens, w0 is the full 
width half maximum (FWHM) value of the incident Gaussian beam, k (=2π/λ) is the wave 
number, m is the iteration number, and erf is the error function. In order to obtain an accurate 
field distribution, the cell size must be much less than the size of relevant features because the 
FDTD algorithm is stable only if Δt ≤ Δu/(c√2), where c is the speed of light. In our case we 
used the cell size Δu of 20 nm and the time step Δt of 3.3349 × 10-17 s, which sufficiently 
satisfies the Courant stability condition. 

The 2D Maxwell equations decouple into two polarization sets: the TM set, EzHxHy, and 
the TE set HzExEy. Each field set can be modeled independently of the other. For absorbing 
boundary condition (ABC) in order to truncate the FDTD computational domain on 
homogeneous media we employed Berenger’s highly effective ABC, the perfectly matched 
layer (PML), which gives zero reflection at the absorbing boundary for all frequencies and all 
angles of incidence [27]. For the TM case, if Ez is known, then Hx and Hy can be calculated at 
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the cross-sectional plane of the FDTD grid using Eq. (1). Using wave propagation techniques, 
all the field components can be determined at a plane of interest well past the FDTD 
computational grid.  

For obtaining the transmission- and reflection-type CLSM image we first performed each 
FDTD simulation with respect to all of the predefined inside positions of the xz-scanning 
window with the minimum distance variation of 0.1 μm. To analyze the frequency (amplitude 
and phase) response of the FDTD simulation results we can simply take the Fourier transform 
of the complex electric field for the time-domain data at every point of interest with satisfying 
the optical sectioning (axial) condition of a confocal imaging system. This can be done by the 
equation 

( )  2

 
, ( , )
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m t t
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where 
mf  and x are the frequency and detector positions satisfying the lateral condition of the 

confocal imaging system and 
Tt  and 

PHt  are the final time step number and the period of the 

optical sectioning distance determined by the NA of the collection lens in the FDTD iteration, 
respectively. This Eq. (4) can be divided into its real and imaginary parts. The next step is to 
determine the scattered field distribution at the image plane after going through the pinhole 
position. In other words, we need to forward or backward propagate of the complex electric 
field at the detection plane to the confocal imaging plane using the exact solution of the 
Helmholtz equation for a single scalar field component. For obtaining the full-wave vector 
description of the subwavelength-scale light propagation in transmission- and reflection-type 
CLSM, we used an angular spectrum analysis method [28, 29].  The exact solution of the 
Helmholtz equation in homogeneous media may be expressed in the form   
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where nm is the refractive index of the homogeneous media and  β can be either real or 
imaginary. If we assume β is real and the reflection R (fx) is zero, the solution (5) represents 
the full vector waves that propagate in forward direction k =2π (fx, β). When β is imaginary, 
the waves either decay or increase exponentially. It follows from the radiation condition that 
the field must assume the form of an outgoing spherical wave in the far-zone. If U(x, z0) is 
known, U(x, z) can be determined by the following procedure: Firstly, take the Fourier 
transform of U(x, z0) to determine T(fx, z0). Then, multiply T(fx, z0) with the propagation kernel 
exp[i2π{fxx + β(z-z0)}] to get T(fx, z). Finally, the observation field U(x,  z) can be determined 
by taking the inverse Fourier transform of T(fx, z). To get the power at the photomultiplier tube 
(PMT) receiver, we take summing up the absolute square value of each point inside the 
pinhole area. The reflection CLSM image can be acquired by the same manner placing the 
transmission T (fx) equals zero.  

FDTD simulation is performed using a personal computer with a Pentium4 3.6 GHz CPU 
machine. Our MatLabTM–based FDTD program has the FDTD cell grid sizes of 960×400 ≅ 
19.2 μm×8 μm for NA1.4 (θinc = 67.84°) and 300×400 ≅ 6 μm×8 μm for NA0.9 (θinc = 
36.87°), the PML depth of 12 layers, and the total time slots of 2640 Δt. The amplitude of the 
focused Gaussian incident wave Ez (or Hz) is assumed as 1 V/m (A/m). 

The angular spectrum method is a very simple, fast, and elegant rigorous model since it 
uses the plane wave decomposition method. Using the proposed FDTD-based CLSM image 
mapping technique we could get the exact matched transmission- and reflection-type CLSM 
image between the FDTD simulation results and experimentally captured results. Also, we 
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could extract the exact position and topological shape factors of the subwavelength-scale void 
structure, which was fabricated by femtosecond laser microexplosion under the tightly 
focused Gaussian beam illumination. 
 

  

(a) (b) 

  

(c) (d) 

Fig. 2. 2D TE/TM FDTD simulation of laser beam focused in a void structure with different 
NAs: (a) TE Hz –field, NA=0.9, (b) TM Ez –field, NA=0.9, see Supplementary Animation A. 
(c) TE Hz –field, NA=1.4, and (d) TM Ez –field, NA=1.4 (oil-immersion), see Supplementary 
Animation B. The following parameters were used in the calculations: the incident amplitude 
of Hz (Ez) is 1 A/m (V/m), the refractive index of the PVA is 1.5; the refractive index of the 
void is 1.0 at the incident wavelength of 632.8nm. 

 

3. Effect of numerical aperture on CLSM void imaging 

Figure 2 shows FDTD simulated snapshots of 2D TE/TM focused wave propagation in a void 
structure with different NAs of a single subwavelength-scale void structure inside the pre-
defined xz-scanning window under the focused He-Ne laser (λ = 632.8 nm) illumination. For 
the case of wave propagation in various other positions of the void, animations were prepared 
where the position of the void structure is scanned relative to the focal spot position – See 
Supplimentary Animation A (NA 0.9, TM) and B (NA 1.4, TM) attached. In these 
simulations, we assumed that the refractive indices of the void and polymer matrix are 1.0 and 
1.5, respectively.  The electric and magnetic field distributions after going through a single 
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void structure with the size of 0.56 μm×1.38 μm (aspect ratio = 2.4643) under the different 
NA values of 0.9 (air) and 1.4 (oil-immersion).  

In order to build up a confocal scanned image, the void structure was scanned in the focal 
field as in the animations, and then the transmitted or reflected wave was collected by the 
same NA lens and a pinhole according to the method specified in Section 2 above. Figure 3 
shows the transmission- and reflection-type x-z CLSM images with respect to different NAs 
using our proposed FDTD-based CLSM image mapping techniques. In each simulation the 
minimum pixel resolution is 0.1 μm and the scanning window size is 3.1 μm×5.1 μm. As 
shown in Figs. 3(a) and 3(b) one cannot locate the exact void structure and position in the case 
of low NA objective lens. This is exacerbated with the aberration caused by index mismatch 
between the objective lens immersion medium (air) and the polymer matrix. 
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(c) (d) 

Fig. 3. 2D TE/TM FDTD-based transmission- and reflection-type CLSM images with different 
NAs and different incident Gaussian beam modes: (a) TE, NA = 0.9, (b) TM, NA= 0.9, (c) TE, 
NA = 1.4 (oil-immersion), and (d) TM, NA=1.4 (oil-immersion). The white arrows indicate the 
bright points of the transmission and reflection CLSM, and the black arrow indicates the dark 
point of the transmission CLSM image. The red lines are drawn to indicate the extracted axial 
size of the void (See text). One pixel size means the scanning distance with the minimum 
resolution of 0.1μm. The inserted elliptical shapes represent the center position and topological 
shape of the assumed subwavelength-scale void structure.  

However, one can extract the position and topological shape factors of the voids from the 
calculated reflection- and transmission-type CLSM images using the high NA of 1.4 (oil-
immersion). In particular, in transmission images [Fig. 3(d)] the axial length of the void 
structure can be obtained by measuring the length between the maximum bright point and 
minimum dark point of the z-scanned cross sectional profile. Such bright and dark points arise 
due to the reflection and focusing characteristics of the elliptical void shape at two different 
focal points. For example, the bright point in the transmission image arises due to the lensing 
effect of the bottom interface of the void (more transmission), and the dark point arises due to 
the reflection at the top of the void interface (less transmission). The conjugated reflection 
CLSM images show the opposite information – a bright peak at the tip of the void, 
demonstrating that the reflection signal is maxima when the focus is at the interface between 
the void and the matrix. This maximum point matches well the dark point of the 
corresponding transmission image [red lines in the Fig. 3(d)].  
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From this result, one can conclude that the axial size of the void can be accurately 
extracted by observing and measuring the bright and dark points of the transmission images, 
or bright points in the transmission-reflection conjugated images. In reality, the bright point of 
the reflection image is much sharper than the dark point of the transmission image and 
therefore the latter method would yield a better measure of the axial size.    

Furthermore, the transversal (lateral) size can be acquired by measuring full-width half-
maximum points of the dark region at the transmission image. From Fig. 3(d) we can obtain 
the shape factor of ~ 2.5 with the lateral and axial size of ~0.56 μm and 1.4 μm, respectively. 
These values match well with the pre-designed simulation input parameters of 2.4643 μm, 
0.56 μm, and 1.38 μm, respectively. 

4. Effect of refractive index difference on CLSM imaging 

The laser induced subwavelength-scale 3D structure fabrication involves many physical 
changes of matter inside the focused volume, starting from a small change of the refractive 
index induced by phase change (melting, solidification), to a gas or plasma production leading 
to a void formation. In order to see the difference in the various index states of fabricated 
structure in CLSM, the FDTD simulation was conducted for index variations and the resulting 
images are shown in Fig. 4(a)-4(f). In Figs. 4(g) and 4(h) show the contrast ratio (defined as 
(Imax - Imin)/ (Imax + Imin), where Imax is the maximum value of the detected power and Imin is the 
background level) between the bright and dark points (defined in the preceding section) of the 
transmission- and reflection-type CLSM with respect to the refractive index variations.  

From the Fig. 4(g) one can notice that the contrast of the transmission-type confocal 
images in the TM mode do not show much differences along the refractive index variations, 
while that in the TE mode increases as enlarging the refractive index differences. However, 
the shape factor and exact position information can be extracted through TM transmission 
mode CLSM imaging. In addition, we could measure out the real-depth scale of the 
microexploded nanoscale void structure from each brightest point on the z-axis' cross-
sectional profile of the combined transmission- and reflection-type CLSM image up to the 
80×200 nm size limitation. As shown in the Fig. 4(h) the reflection-type confocal mode, the 
image contrasts are mostly below 0.1, which may not be sufficient enough to provide 
information the shape factors of the fabricated structure. The detailed contrast values are 
shown in Table 1. 

5. Effect of size and shape factors on CLSM void imaging 

Figure 5 shows the simulated 2D TM FDTD-based transmission- and reflection-type CLSM 
images of the subwavelength-scale 3D structure with different size ratios, shapes, and 
multilayered (void shelled structure with 20% and 40% high density solidification) refractive 
index variations in the PVA polymer matrix. The 20-40% densification shells were considered 
to accommodate the possibility of variation in densification of polymer, although the recent 
work of Gamaly et al. [30, 31] reports the typical densification observed was up to 20%. 
Figures 5(a) and 5(b) show the simulated confocal transmission- and reflection-type CLSM 
images of a small sphere with the radius of 0.28 μm and a large sphere with the radius of 0.56 
μm.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Fig. 4. 2D TE/TM FDTD-based transmission- and reflection-type CLSM images with different 
subwavelength-scale elliptical structures with different refractive indices in PVA polymer 
matrix under the tightly focused Gaussian beams incidence with a high NA of 1.4 (the oil-
immersion) objective: TE (a) and TM (b) with the refractive indices difference Δn = 0.01, TE 
(c) and TM (d) with the refractive index difference Δn = 0.05 (high density, voxel), TE (e) and 
TM (f) with the refractive index difference Δn = 0.1 (phase change, liquid), and its comparison 
of the contrast ratio about the transmission-type CLSM (g) and reflection-type CLSM (h).    
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Table 1. Contrast ratio of the TE/TM FDTD-based transmission- and reflection-type CLSM image with respect to 
different refractive index variations in the PVA polymer matrix 

  Transmission  Reflection 

Refractive index variations in 
the PVA polymer matrix TE TM  TE TM 

Δn=0.01 (photorefractivity) 0.0361 0.9372  0.000838 0.0420 

Δn=0.05 (high-density, voxel) 0.1664 0.9177  0.0038 0.0370 

Δn=0.1 (phase change, liquid) 0.4094 0.9463  0.0100 0.0504 

Δn=0.5 (phase change, gas) 0.9078 0.9251  0.0535 0.1160 

  
 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 5. 2D TM FDTD-based transmission- and reflection-type CLSM images with different 
size, shape, and multilayered refractive index variation: (a) small-size sphere (0.28×0.28 μm) 
structure, (b) medium-size sphere (0.56×0.56 μm), (c) small-size (0.28×0.79 μm) void (nv = 
1.0) with 20% solidized shell (ns = 1.55),  (d) small-size (0.4×0.984 μm) void (nv = 1.0) with 
20% solidized shell (ns = 1.55), (e) medium-size (0.56×0.1.38 μm) void (nv = 1.0) with 40% 
solidized shell (ns = 1.55), and (f) large-size (0.72×1.1725 μm) void (nv = 1.0) with 40% 
solidized shell (ns = 1.55). 
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Also the surrounding region of the microexploded void structure has increased density 
(refractive index) than that of the original matrix following the mass (energy) conservation 
law [32, 33]. For simulating the confocal images including with more exact physical 
phenomena of our microexploded void structure, we imposed the high densitity refractive 
index of 1.55 with the expanded ratio of 1.2 and 1.4. Figures 5(c)-5(f) show the simulated 2D 
TM FDTD-based transmission- and reflection-type CLSM image with respect to different size 
(0.28 μm×0.79 μm, 0.4 μm×0.96 μm, 0.56 μm×1.38 μm, and 0.72 μm×1.725 μm) variations 
of the void structure. From the shadow region of the simulated transmission confocal images 
in the Figs. 5(c)-5(f) we can notice that the exact void position and topological shape factors 
can be extracted. 

6. Experimental validation of the CLSM void imaging 

Figure 6 shows our laser microexploded structure inside of the PVA polymer and ablated 
structure on the PVA polymer with the thickness of ~30 µm under the tightly focused (NA = 
1.4) femtosecond (780 nm, 100 fs Ti:sappire pulse, 80 MHz) laser illumination without any 
amplifications.  

The fabricated pattern has the subwavelength-scale 3D void structure with the average 
dimension of ~ 0.56 µm × 1.38 µm (aspect ratio of ~ 2.46). Figure 6(a) shows the input 
pattern with the total dimension of 40 μm×40 μm and the period of each void of 1.29 μm. The 
SEM image of the ablated subwavelength-scale patterns, which was recorded at the surface 
region between the PVA polymer and air interfaces, is also shown in Fig. 6(b). From the 
ablated subwavelength-scale 3D void patterns we can estimate the lateral dimension changes 
from 0.4110 μm to 0.5955 μm.  

The most disadvantages of SEM and TEM is that they cannot provide any 3D information 
although they can resolve a structure up to nanometer-scale. However, the CLSM system 
provides the 3D information of the structure. Figures 6(c)-6(e) are showing the transmission 
and reflection CLSM images at the recording plane of a 3D character pattern inside the PVA 
polymer volume and theirs cross-sectional depth-scanned images using commercial 
transmission-type (Fluoview BX50, Olympus) and home made reflection-type CLSM system. 
From the black shadow region in Fig. 6(e) we estimate that the lateral size and the axial depth 
of the microexploded 3D void structure have 0.56 μm×0.56 μm and 1.38 μm, respectively. 
From Fig. 6(f) we can also figure out the position of the fabricated character pattern and axial 
dimension inside the PVA polymer matrix. The transmission- and reflection-type CLSM 
images are acquired with the high NA objective lens (UPlanApo 60X/1.4 oil-immersion). 

For detailed comparison between the experimentally observed and calculated CLSM 
images we measure the xz-directional cross-section profiles at the center position of a 
fabricated single void structure. Figures 7(a) and 7(b) show the xy-plane view and the xz-
scanned transmission-type CLSM images of a microexploded single void structure inside the 
PVA polmer matrix. The xz-direction cross-sectional profiles at the center position of the 
simulation and experiment result of a single void structure are shown in Fig. 7(c).  

Figure 8 shows the reflection-type CLSM simulation and experimental images of a 
microexploded single void structure inside the PVA polmer matrix. From the Fig. 7(c) and 
8(c) we see that the simulation results are similarly well matched with the experimentally 
obtained result. The slight mismatch between the simulation and experimental profiles may be 
resulted from the 2D simulation of 3D problem, absence of spherical aberration of the high 
NA objective lens and nonlinear laser-plasma interactions at the microexploded 
subwavelength-scale void structure. From the comparison results, we verified that our 
proposed FDTD-based transmission- and reflection-type CLSM image mapping technique 
matches well with the experimental result. And also, we can easily extract the exact position 
and topological shape factor of the microexploded subwavelength-scale single void structure 
inside the PVA polymer matrix. 
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(a) (b) 

  

(c) (d) 

 
 

(e) (f) 

Fig. 6. Fabricated subwavelength-scale 3D void structures: (a) Recording input pattern, (b) 
SEM image of the recorded bits at the boundary region between the PVA polymer and air 
interface, (c) transmission-type CLSM image of the recorded pattern inside the PVA polymer 
matrix, (d) reflection-type CLSM image of the recorded pattern inside the PVA polymer 
matrix, and (e) and (f) the cross-section depth-scanned images (x-z plane) of (c) and (d), 
respectively. 
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(a) 

(b) 

 

(c) 

Fig. 7. Transmission-type CLSM image of the microexploded single void structure inside the 
PVA polymer matrix (a) and its xz-scanned images (b) of experiments (right) and FDTD-based 
simulation (left) and comparison of each xz-direction cross-sectional intensity profile at the 
center (minimum intensity) point in the shadow region (c). 
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(a) 

 

(b) 

 

(c) 

Fig. 8. Transmission-type CLSM image of the microexploded single void structure inside the 
PVA polymer matrix (a) and its xz-scanned images (b) of experiments (right) and FDTD-based 
simulation (left) and comparison of each xz-direction cross-sectional intensity profile at the 
phase transition (maximum intensity) point (c). 
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7. Conclusions 

We have first, for authors’ knowledge, proposed and evaluated a FDTD-based transmission- 
and reflection-type CLSM image mapping technique for analyzing the subwavelength-scale 
3D void structure microexploded inside the PVA polymer matrix. In the FDTD simulation a 
focused Gaussian beam incident wave condition and Berenger’s PML ABC were imposed 
with respect to a homogenous refractive index medium and different void structurs. For 
optical sectioning and confocal imaging, we used a sectionized time integration method and 
an angular spectrum analysis method. From the simulation and experimental results of the 
transmission- and reflection-type CLSM images of the microexploded subwavelength-scale 
single void structure, we characterized the exact position and topological shape factor of the 
void, which was fabricated by a tightly focused ultrashort pulse laser with the high NA 1.4 
objective lens (oil-immersion). We believe that our proposed FDTD-based CLSM image 
mapping technique can be assisted for analyzing the 3D near-field microscopic imaging, 
optical trapping, and evanescent wave phenomenon to the state-of-the-art bio- and nano-
photonics area. 
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